Stacks of superconducting tapes can trap much higher magnetic fields than conventional magnets. This makes them very promising for motors and generators.
I. INTRODUCTION
Stacks of superconducting tapes after magnetization behave like permanent magnets, and hence stacks can be used as an alternative in power and magnet applications. The advantage of the stack is high trapped magnetic field. The world record of the magnetic field is 17.7 T [45] compared to around 1.3 T remnant magnetic field of conventional permanent magnets.
Although superconducting bulks can also trap high magnetic fields (17.6 T [46] ), stacks present additional advantages. Their Hastelloy substrate enhances mechanical properties and, the stack lenght is virtually unlimited with very uniform J c , and the stack width could be as wide as 46 mm [47] . The larger continuous superconducting object results in larger trapped flux for the same maximum trapped field. A bulk mosaic made of hexagonal or square tiles traps an average flux density of around 1/3 of its maximum, while the average flux density on an stack is around 1/2 of its maximum. Then, a long stack traps 50 % more flux than an array of bulks of the same width as the stack for each bulk. The stack enables to interlay sheets of other materials to enhance physical properties, such as metal layers enhance thermal properties, soft ferromagnetic layers enhance trapped field and reduce cross-field demagnetization, at least for stacks as stand-alone objects [48] .
The high trapped field and low weight is very promising for enabling fully superconducting motors and generators [49] especially for electric aircrafts [50] [51] [52] [53] [54] , high power generators and flyweels [55] and sea transport [56, 57] . However, stacks experience transverse magnetic fields in the rotating machines, which cause demagnetization of trapped field.
There is a big effort to fully understand the cross-field demagnetization, in order to reduce demagnetization effect and extend the time of the trapped field inside the stack, as follows. of elements in the thickness (only 3). The 2D model was shown by Srpcic et al [63] . The 2D and 3D models were presented only for cylindrical bulks by Fagnard et al [64] or cubic bulks by Kapolka et al [65] . However, in the overall the full 3D model of the stack of tapes is missing, where good qualitative agreement with experiments is expected.
The main reason of missing 3D models is due to the low superconducting thickness of around 1 µm, and hence high aspect ratio of the elements in the mesh. Since the variation of current density across the thickness is essential for cross-field demagnetization, methods assuming the thin-film approach cannot be applied. The inaccuracy of the elongated elements leads to numerical issues such as high number of elements, instability and the non-convergence of the modelling tools. Therefore, the models often do not take the real thickness of the superconducting layer into account.
Our goal is to model Stacks with the real thickness of the superconducting layer 1.5 µm and compare the results to the measurements, being the first 3D model of the crossfield demagnetization of stacks of tapes. For this case, our method (MEMEP 3D) is more efficient than (FEM) in H formulation, because, due to the thin film shape, FEM uses many elements in the air around the sample and even between thin films [66] . This situation also seems not suitable for Fast Fourier Transformation (FFT). The bulk FFT approach [67] requires a cumbersome number of elements due to the need of uniform mesh and the low film thickness. The stack approach of FFT assumes thin films for the tapes [68] , which cannot describe cross-field demagnetization.
In this article we focus on the cross-field demagnetization of the stacks of tapes up to 5 tapes, the validation of our (MEMEP 3D) method by comparison of two-tapes demagnetization with FEM, the trapped field in the stack up to 15 tapes and qualitative behaviour of bulk and stack with similar parameters.
II. METHODOLOGY OF MEASUREMENTS
The study is focused on the cross-field demagnetization of a stack of tapes. The sample is prepared from 12 mm wide SuperOx tapes with stated minimum I c of 430 A at 77 K. The thickness of the tape is around 65 µm with 1.5 µm thin superconducting (SC) layer. The tape is with ∼ 2 µm silver stabilization on each side and around 60 µm Hastelloy. The stack of tapes is formed by 5 SuperOx tapes with 3 Kapton layers between each superconducting layer. The superconducting tape together with 3 Kapton insulators is 220 µm thick. The sensitive part of the Hall probe sensor is 1.5 mm above the top SC layer.
Cross-field demagnetization consists on the following three main steps: magnetization by field cool (FC) method, relaxation time and cross-field demagnetization. The detailed process is the following:
• The sample is placed into the electromagnet at room temperature.
• The electromagnet is ramped up to 1 T.
• The sample is cooled down in liquid nitrogen bath at 77 K.
• The electromagnet is ramped down with ramp rate 10 mT/s.
• The sample is moved into the air-core solenoid.
• The sample is left for 300 s relaxation.
• A Hall probe above the sample measured the trapped magnetic field B t at the center.
• The solenoid magnet applied a sinusoidal transverse-(or cross) magnetic field of several amplitudes (50, 100, 150 mT) and frequencies (1, 10 Hz). The Hall probe measured the trapped field during the demagnetization.
A. Measurement set-up
The measurement set-up contains a G10-cryostat for sample holder, an iron-core Walker Scientific HV-4H electromagnet and the separated air core solenoid.
The control system [59] contains a signal generator Agilent 33220A amplified by two power supplies KEPCO BOP 2020 connected in parallel. The current in the circuit is measured by a LEM Ultrastab IT 405-S current transducer. The magnetic field is measured by an Arepoc
Hall sensor LHP-MPc [69] . The circuit is monitored by custom made lab-View program.
III. MODELLING METHOD
In this article, we use two different numerical methods. Most of the calculations are made with the Minimum Electro-Magnetic Entropy Production method in 3D (MEMEP 3D), al-though we first benchmarked this method with Finite Element Method (FEM) calculation in the H formulation for simple cases in order to cross-check the numerical methods. Although, in the previous work we made a validation of the three methods by magnetization of the bulk and stacks with the tilted fields [70] .
A. MEMEP 3D model
We perform most of the calculations here by MEMEP 3D [71] based on a variational principle. The mathematical formulation uses the T vector defined as an effective magnetization. The effective magnetization is non-zero only inside the modelling sample, and hence the method does not solve the air domain. The incorporated isotropic power-law enables to take n values up to n=1000 into account. We use n=200 as an approximation to the Critical State Model and n=30 as a realistic value for the measurements. The modelling software [72] was developed in C++ and it is enhanced by parallel computation on a computer cluster [73] . The method uses hexahedric elements with high aspect ratio, up to 5000.
Therefore, MEMEP can use the same modelling geometry as the measured samples. The 
B. FEM 3D model
The FEM model is based on the H-formulation of Maxwell's equations implemented in the finite-element program Comsol Multiphysics [74] . Due to the necessity of simulating the air between and around the superconducting tapes typical of the FEM approach, care had to be taken in building the domains and the mesh. In order to avoid an excessive number of degrees of freedom, an approach based on sweeping a 2D geometry and mesh was followed (see Fig. 1 of [66] for an example). The external magnetic field was applied on the boundary of the air domains by means of Dirichlet boundary conditions. A magnetic field of B z =300
mT was assigned to all simulated domains as initial condition. µm.
IV. RESULTS AND DISCUSSION
There is a big effort to fully understand the cross-field demagnetization process. However, almost all studies found only qualitative agreement with measurements. We focused on 3D modelling with all finite size effects, and hence the results can be compared with measurements on short samples. For the comparison to experiments, the model assumes the real dimensions of the measured sample and measured J c (B, θ) dependence. Before comparing to experiments, we analyse the influence of several parameters like the superconducting layer thickness and gap between tapes. For this analysis, we study first the magnetization process and later the cross-field demagnetization.
A. In-plane magnetization of single tape with thickness variation
The first study is about in-plane magnetization due to a parallel applied magnetic field.
The sketch of the modelling case and the dimensions are in the figure 1. The magnetization loop is calculated only for the M x component, because the applied magnetic field (of amplitude 50 mT and 50 Hz frequency) is along the x axis. We used a thicknesses of the superconducting layer d in the range from 1 to 1000 µm for this case. We assume constant J c d, being J c =2.72×10 10 A/m 2 for d=1 µm and n-power law exponent of 30.
The magnetization increases with tape thickness (Fig. 2 (a) ). This is not the case for the Critical State Model (CSM), which we approximate as a power law with exponent n = 200
FIG. 1: Single superconducting tape for the thickness dependence study (d=1,10,100,1000 µm). Dimensions are in mm.
( Fig. 2 (a) ). All magnetization loops for different thickness are within 2%, being not identical due to the power-law exponent ( Fig. 2 (b) ). However, commercial superconducting tapes have an n-value around 30 in self-field. The thickness dependence is due to higher electric fields from the applied magnetic field in thicker tapes. The relatively low n-value of 30 allows J > J c for high electric fields, and hence the magnetization increases with thickness roughly as 14% for each increase in thickness by a factor 10. Therefore, we already see that the sample thickness plays a role for the response to the ripple field. The effects of the thickness is much more important for the cross-field demagnetization (section IV B), which is also significant for the CSM [61, 75] . In the calculations in the following sections, we assume the real thickness of 1.5 µm for comparison to experiments and 10 µm for the purely numerical systematic analysis.
B. Cross-field demagnetization of one tape with thickness variation
A more detailed study about thickness influence is in the cross-field demagnetization.
The model assumes a single tape with thickness from 1 to 100 µm. The critical current density is inversely proportional to the thickness. The J c of 1 µm tape is J c =2.72×10 10 A/m 2 and the n value is 30. The tape is magnetized with the perpendicular applied field to the tape surface by the Field Cool method. The field is ramped down with rate 30 mT/s over 100 s with following relaxation of 900 s. Afterwards, a sinusoidal transverse field of 500
Hz is applied along the x axis.
The demagnetization rate significantly increases with the thickness (figure 3), even though J c is proportional to the thickness. The clear thickness dependence showed the importance of the sample thickness, as it is explained in section IV A. Therefore, the thickness in the model is very important for the cross-field demagnetization, where ripples are in the inplane direction. The model cannot assume thicker films and lower proportionally the critical current density, as already predicted by Campbell et al [60] . Since the superconducting layer in most REBCO tapes is of the order of 1 µm, 3D modelling is very challenging due to the high aspect ratio. Most previous works, which are in 2D, assumed unrealistically thicker samples due to numerical issues.
C. Trapped magnetic field in the stack of tapes
The next study is about the influence of number of tapes and gap between superconducting layers in the stack on the initial trapped field. We used the same geometrical parameters as in the previous section IV A. The superconducting layer is 10 µm thick with J c = 2.72×10 9
A/m 2 and n=30. As shown above, it is not possible to take a larger superconductor thickness The 3D model assumed n=30.
and a proportionally lower J c for cross-field demagnetization and transverse applied field.
However, this simplification could be made for applied fields perpendicular to the tapes [76, 77] . The cause is that the electric field due to the applied magnetic field is roughly uniform in the tape thickness and the effect of the self-magnetic field can be averaged over the tape thickness.
The stack is magnetized by Field Cool (FC) method along the z axis. The initial applied magnetic field is 1 T with ramp down rate of 10 mT/s, because of the perpendicular penetration field B p of 1 tape is 27.2 mT. Afterwards, we leave a relaxation time of 900 s, which is long enough to reach stable state of the trapped field. The trapped field decreases logarithmically during relaxation, and hence after a short time the reduction is almost negligible.
The trapped field is calculated 1 mm above the top tape, similar to a Hall probe experiment.
The probe position is more relevant for commercial application than the magnetic field in the tape or between the tapes. The sketch of the modelling case is on figure 5 (a).
The trapped field increases with the number of tapes )). This process can be explained by the Bean model of the infinite thin strip [61] or other numerical 2D modelling [48, 60] . In our stack, the penetration front contains both the The trapped magnetic field B t during the whole process is calculated 1 mm above the top surface ( figure 8 ). After relaxation, we applied cross-fields with two different amplitudes, 40 and 240 mT, in order to see the behaviour in the fields below and above the penetration 
The demagnetization rate for 40 mT cross-field is very low, with 3.9% drop of the trapped field after 10 cycles ( figure 9 ). The higher cross-field of 240 mT makes 19.1 % reduction of the trapped field. The roughly linear demagnetization is consistent with Brandt's predictions, where there is linear decay for the first few cycles [61] . However, the method of [61] is based on Bean model and for a single tape. For applied fields above the penetration field, as is the case of both 40 and 240 mT, demagnetization will continue until the entire sample is demagnetized.
A more detailed trapped field profile is calculated along the (red) line B t above the sample on figure 10 (a) . The profile has the usual symmetric peak at the end of the relaxation time not changed significantly due to transverse field. The last positive peak of the cross-field is shown on figure 10 (b) as red line. The trapped field peak is always symmetric without any shift, contrary to cubic bulk samples [65] . The cause of this difference is the thin film shape of tapes, as follows. For the bulk, the trapped field depends on the current distribution across the thickness, with a higher contribution for J closer to the top surface. Since J does not have mirror symmetry towards the yz plane, (only inversion symmetry towards the bulk center) the trapped field on the surface is not symmetric. In contrast, the trapped field in the thin films only depends on the average J across the tape thickness, being variations on this dimension irrelevant. Since the thickness-average J does have mirror symmetry with respect to the yz plane for each tape of the stack, the trapped field on the surface also presents this mirror symmetry.
F. Comparison of cross-field demagnetization in a stack of tapes and bulk
There are two alternatives for high temperature super-magnets: stacks of tapes and bulks.
Both candidates broke the world record of trapped field, being above 17 T with slightly higher values for the stack [45, 46] . However, both behave differently under cross-fields. Therefore, we performed a short simple comparison between them. We used the same geometry for 5 tapes stack as it was mentioned above. We calculated the engineering current density for the stack J ce =160 MA/m 2 and set it as critical current density J c for the bulk. The samples with the size dimensions are in figure 11 . We estimated the parallel penetration field of the equivalent bulk from the slab approximation the quasi-stable state is reached, because the ripple field amplitude is below the parallel penetration field of the bulk [61] , the latter being dominated by a slow flux creep decay [63] . The stack shows much slower demagnetization rate for the high cross-field of 240 mT and the trapped field drop in 10 cycles is only 19 %. Nevertheless, demagnetization should continue until it completely demagnetizes the sample, because the ripple field is above the parallel penetration field of one tape (17mT). The same behaviour is observed for the low cross-field of 40 mT with very low trapped field reduction of 3.9% at 10 cycles. Therefore, for the high cross-field cases (ripple field above the parallel penetration field of the bulk) the stack of tapes is more suitable. However, in the case of low fields the bulk is more suitable because the asymptotic trapped field does not vanish after many cycles. Nevertheless, if the super-magnet is submitted to relatively low number of cycles, the stack of tapes are preferred in any case. Applications with low frequency ripples and built-in re-magnetization, such as certain low-speed motors and wind turbines, might also favour stacks of tapes, because of less re-magnetization.
G. Cross-field demagnetization: measurements and modelling
The last study is about measurements and comparison with calculations. The stack consists of 5 tapes and the parameters are in the table I. The details about the sample and the measurements are given in section II. The measurements are performed for two cross-field frequencies: 1 and 10 Hz.
The demagnetization rate increases with the field (figure 13 (a) ). The higher demagnetization rate for 10 Hz is due to 10 times more cycles per second, and hence the demagnetization rate per cycle at low frequencies depends on the frequency only slightly [59] . However, the measurements showed increased frequency dependence with field ( figure 13 (b) ). The reason is that the higher frequency of the applied field causes higher electric field, and hence the current density increases. This reduces both the penetration field and the demagnetization rate [65, 77, [80] [81] [82] . The calculation uses the same parameters as the measurements (table   I) .
The model uses 1.5 µm thin superconducting layer with 220 µm gap between them. The density, and hence it increases the demagnetization rate.
Another comparison between the model with J c (B) dependence and measurements is on the figure 16 . The J c (B) data was measured on the 4 mm wide SuperOx tape ( figure   15 ). The critical current per tape width at self-field for the measured tape (37.8 A/mm) is roughly the same as the 12 mm wide tape used in the stack (35.8 A/mm), being the latter value the minimum stated one by the producer. The theoretical difference is 5%, which is very small. The average tape I c could be higher, around 440 A or 450 A regarding typical deviations in SuperOx tapes, and hence even more close to that in the calculations.
By now, we assume an isotropic J c (B) dependence, taking the measured J c (B, θ) values at perpendicular applied field. Then, we assume an isotropic angular dependence in the model.
The cross-field is parallel to the tape surface, and hence the actual critical current density is larger than that in the model, also presenting lower reduction under magnetic fields than assumed. This is the reason why the demagnetization rate is overestimated for the high cross-fields of 100 mT and 150 mT. rate in the calculation, being the difference is 4.0 %. We also study the effect of the measured n(B, θ) dependence ( figure 18 (a) ) compared to the constant n = 30 assumption. The demagnetization rate is slightly changed with n(B, θ) dependence ( figure 18 (b) ). The local J increases with decreasing the n value, and hence it changes the demagnetization rate.
There is a slight reduction of the demagnetization rate at the first few cross-field cycles.
However, later on the demagnetization rate overlaps with the constant n curve and slightly increased. The demagnetization rate is more influenced for cross-field above 50 mT.
There are several reasons for reduction of the accuracy in the model. The J c (B, θ) data covers correctly only the J c in the y-plane position ( figure 6 ), where the current is perpendicular to the magnetic field. However, at the x-plane, the current density presents a large component parallel to the applied magnetic field, being in the x direction. This is the so-called force-free configuration [83] , where J c should be different than the typical J c (B, θ) measurements with B always perpendicular to the transport direction. Since J c in force-free configuration is often higher [84] , this could explain the overestimated cross-field demagnetization in the model. Measurements of bulk angular dependence, J c (B, θ, φ) with φ being the angle of B with the current density, are scarce for any type of sample [84] and missing for this particular tape. The cause is the complexity of the measurements, requiring a double goniometer [85] [86] [87] [88] . The model uses J c (B, θ) data for both components J x and J y , and hence there is discrepancy between the model and the real measurements in the highest cross-fields.
V. CONCLUSIONS
The current article analysed both the measurements and 3D modelling of the cross-field demagnetization of a stack of up to 5 REBCO tapes. The MEMEP 3D modelling tool showed the full cross-field demagnetization process in the 5 tapes stack with 3D screening current path. The screening current from the cross-field penetrates into the sample and reduces the trapped field.
The comparison of the MEMEP 3D calculation results with FEM for a two-tape stack showed very good agreement, cross-validating the methods. The calculation showed that in the in-plane magnetization case, the magnetization changes by 14 % for each increase of the superconducting layer thickness by factor 10, and hence the models cannot assume thicker layers with the proportional critical current density in the transverse field. For cross-field demagnetization, the thickness dependence is even more pronounced, being also important for the CSM. Since the REBCO tapes are usually as thin as few microns, the model has to assume the same thickness, in order to reach quantitative agreement. The trapped field in the stack of tapes decreases with the thickness of the substrate or spacer, and therefore thinner substrates and stabilizations are more suitable. We also compared the stack with the equivalent bulk. The stack demagnetizes slower. However, we expect that the bulk reaches an stable state without further drop of the trapped field under cross-fields lower than the penetration field.
The measurements of the 5 tapes stack assembled from 12 mm wide SuperOx tapes showed increased demagnetization rate with the cross-field. The comparison with the calculations revealed that the constant J c and isotropic J c (B) dependences are not sufficient for cross-field modelling, and J c (B, θ) dependence is necessary. The MEMEP 3D calculations reached 4% accuracy with the measurements and pointed out the importance of the J c (B, θ, φ) for the high cross-field amplitudes for more accurate predictions. The n(B, θ) dependence showed a slight influence on the demagnetization rate.
In conclusion, we have shown that 3D modelling can qualitatively predict cross-field demagnetization in stacks of tapes, contrary to previous 2D modelling. This qualitative study has been possible thanks to the computing efficiency and parallelization of the MEMEP 3D method. The analysis here suggests that force-free effects may be important in the measured samples, pointing out the need of J c (B, θ, φ) measurements over the whole solid angle range.
